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Local structure and effective chemical valency of Mn atoms in Mn/GaAs digital alloys have been
investigated using the x-ray absorption fine structure techniques. The samples were prepared by
molecular-beam epitaxy with different thickness of GaAs layers separating the nominal Mn
monolayers. Lattice constants of the digital alloys are found by x-ray diffraction to increase linearly
in a very narrow range ~about 0.3%! with the Mn/GaAs ratio in the samples. Our data show that Mn
atoms in the nominal Mn monolayers actually combine with GaAs to form ~Ga, Mn!As alloys with
Mn atoms substituting for the Ga sites in GaAs. This result clearly rules out the possibility of
dominant MnAs formation. © 2002 American Institute of Physics.
@DOI: 10.1063/1.1467982#The advance of sophisticated epitaxial crystal growth
techniques with monolayer precision has provided an effec-
tive method to prepare compound semiconductors with accu-
rately engineered band structures, a good example can be
found in the fabrication of digital alloys.1,2 In contrast to the
random alloys, digital alloys consist of discrete layers of dif-
ferent components each with a controlled thickness in the
monolayer range; such a system can therefore be engineered
to form new types of alloys with desired compositions of the
constituent elements. Many applications of the digital alloy
technique have already been reported, showing quality im-
provements of some optoelectronic devices such as
GaN/AlN-based light-emitting diodes and AlAs/GaAs-based
vertical-cavity surface-emitting lasers.3
Recently, the III–V magnetic alloy semiconductors
~MAS! such as ~In, Mn!As,4,5 ~Ga, Mn!As,6,7 ~Ga, Fe!As,8,9
and ~Ga, Mn!N10–12 systems have attracted considerable in-
terest due to their potential applications of their ferromag-
netic phases in some spintronic devices. However, in all the
III–V MAS random alloys studied to date, ferromagnetic
spin exchange interaction of the randomly incorporated mag-
netic ions has only been observed at low temperatures below
110 K.6 It is conceivable that the spin–exchange interaction
of magnetic ions in digital alloys could, in principle, be quite
different from that in the random alloys; it could also be
more ordered and tunable by varying the thickness of the
nonmagnetic layers separating the magnetic layers or by
thermal processing. The digital alloys can thus provide an
excellent opportunity to search for ferromagnetism with
higher Curie temperatures in the III–V semiconductors. In
addition to the distance between the magnetic layers, the
local structure and effective chemical valency of the mag-
netic ions both play important roles in determining the mag-
netic properties of the digital alloys, these fundamental is-
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the magnetic behavior of the III–V MAS.
The effect of magnetic impurities on the lattice structure
of the digital alloy system is an interesting issue to be ad-
dressed when moving from the rather well-known random
alloys regime13 to that of the digital alloys for future
integrated-circuit applications. One feasible advantage will
be to incorporate a large amount of magnetic impurities in
the form of very thin ‘‘sheets’’ into the layer structure of
digital alloys, which affords a possibility to overcome the
chemical solubility limit.
With an aim to find possible answers to these issues, in
the present work we have studied the local structure around
Mn, its effective chemical valency, and the lattice constant
for a series of three Mn/GaAs digital alloys with different
GaAs thickness by using extended x-ray absorption fine
structure ~EXAFS!, and x-ray diffraction ~XRD! techniques,
respectively. Detailed description of these x-ray methods can
be found in many review articles, as well as our previous
publications.5,9,14–17
Samples A, B, and C of Mn/GaAs digital alloys with
nominally one half of a monolayer ~ML! of Mn and 8, 12,
and 16 MLs of GaAs in each period were grown by
molecular-beam expitaxy ~MBE! for 50 periods on GaAs
~001! substrates, respectively. A high-resolution transmission
electron micrograph ~TEM! of sample A is shown in Fig. 1
as an example. The TEM pictures of all three samples clearly
demonstrate that all our samples consist of alternately grown
layers with atomically abrupt well-defined boundaries sepa-
rating Mn and GaAs. This structure is clearly different from
that of a random alloy. Moreover, our x-ray reflectivity data
also show Bragg peaks due to the repeated periods of Mn/
GaAs layers, revealing that the thickness of each period is
consistent with the nominal values, and these samples are
indeed high-quality digital alloys with well-defined periods
and sharp interfaces.18
All the x-ray experiments were performed at beamline
X3B1 of the National Synchrotron Light Source in4 © 2002 American Institute of Physics
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DownBrookhaven National Laboratory. To probe the local struc-
ture around Mn atoms, Mn K-edge EXAFS was measured
using the conventional fluorescence mode of detection, de-
tailed experimental procedures can be found in our previous
publications.5,9,14 The EXAFS x-functions of all three
samples were extracted from the raw experimental data by
using a well-established data reduction and correction
method.14,15 The x-functions were then weighted with k and
Fourier transformed into real space for direct comparison.16
A curve-fitting procedure was employed to obtain quantita-
tive local structural information from the experimental
x-functions using the backscattering amplitude and phase-
shift functions extracted from theoretical models generated
by the well-known FEFF program.14,17 The experimental EX-
AFS x-functions and Fourier transforms for all three samples
are shown in Fig. 2 along with theoretical calculations.
The x-functions presented in the inset of Fig. 2 all show
similar phase and amplitude in the EXAFS oscillations, in-
dicating similar local structure around Mn in all three
samples. The Fourier transforms also demonstrate close simi-
larities of the local environment surrounding Mn in these
samples up to the third peak. Featureless variations beyond
the third peak in the Fourier transform are largely effected by
the background noise, therefore can not be quantitatively
analyzed. The local structural parameters obtained from our
curve fitting analysis are summarized in Table I.
To investigate the effects of Mn concentration on the
lattice constant of the entire alloy, XRD measurements were
also made on all three Mn/GaAs samples. The sample under
FIG. 1. Typical high-resolution TEM image of sample A.
TABLE I. Parameters of local structure around Mn atoms obtained from
curve-fitting of the Mn K-edge EXAFS. N is the coordination number. R is
the bond length. s2 is the Debye–Waller-like factor serving as a measure of
local disorder. DE0 is the difference between the zero-kinetic energy value
of the sample and that of the theoretical model used in FEFF. Underlined
values were kept constant during the iterative fitting process. Uncertainties
were estimated by the double-minimum residue (2x2) method.
Sample nn Atom N
R
~Å!
s2
(1023 Å2)
DE
~eV!
A As 3.661.0 2.4860.02 664 165
Ga 12 4.0060.05 1568 265
As 12 4.5160.29 12611 211629
B As 4.560.7 2.4960.02 662 363
Ga 12 3.9960.05 1966 2164
As 12 4.6660.05 1265 2165
C As 3.260.8 2.4860.02 462 364
Ga 12 3.9860.05 1866 2165
As 12 4.6860.05 1367 167loaded 23 Dec 2010 to 140.114.136.40. Redistribution subject to AIP liinvestigation and a NaI scintillation detector used for collect-
ing the scattered photons from the sample were mounted on
a two-circle goniometer with a 0.001°/step rotational preci-
sion. The angular resolution was around 0.014°, defined by
two vertical slits located in front of the sample and the scat-
tering detector. The incident x-ray wavelength was set at
1.24 Å. The XRD data for the Mn/GaAs digital alloys were
obtained by typical u–2u scans, in which the intensity of the
scattered x rays was measured as a function of the incidence
angle u between the incoming x-ray beam and the sample
surface while the angle between the incident beam and the
x-ray detector was always kept at 2u. For all three samples
measured, a broader peak centered at lower angles very near
the dominant GaAs ~004! peak was present in the XRD spec-
tra, indicating that the lattice constants of the Mn/GaAs digi-
tal alloys are slightly larger than that of the GaAs substrate.
The angular variation of this broad peak is shown in Fig. 3
while the lattice constant of the digital alloy deduced from
the position of this peak is plotted against the nominal Mn/
GaAs ratio in the inset.
For a comparison, each Ga atom in the zinc-blende
structure of GaAs is surrounded by 4 As, 12 Ga, and 12 As
FIG. 2. Fourier transform of the Mn K-edge EXAFS x-functions. Inset
shows weighted Mn K-edge EXAFS x-functions. Fine lines: experimental;
coarse lines: theoretical.
FIG. 3. XRD peaks ~004! of Mn/GaAs digital alloys. Inset: lattice constant
obtained from XRD peaks versus the Mn/GaAs ratio ~squares! and a linear
fit ~line! of the data.cense or copyright; see http://apl.aip.org/about/rights_and_permissions
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Downneighboring atoms at distances of 2.45 Å, 4.00 Å, and 4.69
Å, respectively.19 From our detailed curve-fitting results
shown in Table I, the first pronounced peak in the Fourier
transforms for all three samples ~Fig. 2! can be identified as
due to the As nearest neighbors surrounding the Mn atoms at
a distance around 2.48 Å and with a coordination number
between 3.2 and 4.5 within the uncertainties of the experi-
ment. The second and third Fourier transform peaks in Fig. 2
are due to 12 Ga and 12 As neighbors at distances 3.98–4.00
Å and 4.51–4.68 Å, respectively, similar to those found from
the Ga site in pure GaAs. Considering the probable local
lattice distortion when a Ga atom is replaced by a Mn atom
which has a different size, the local structure parameters for
Mn in all three samples listed in Table I are very similar to
those for Ga in GaAs ~except for an insignificant increase of
the nearest-neighbor distance! within the curve-fitting uncer-
tainties. This indicates that the Mn atoms in these samples
most likely have substituted for the Ga sites in GaAs. Our
EXAFS results thus demonstrate that atoms in the nominal
Mn layers actually combine with GaAs to form ~Ga, Mn!As
alloys with Mn substitutionally occupying the Ga sites. The
MnuAs bonds with a length of 2.4860.02 Å in the digital
alloys, is slightly longer than the GauAs bond ~2.45 Å! in
GaAs but much shorter than the MnuAs bond ~2.57 Å! in
the MnAs structure. This result clearly rules out the possibil-
ity of dominant MnAs formation in the alloy system.
It can be seen from the plot in Fig. 3 that the lattice
constant obtained from the XRD measurements ~which de-
termines with high accuracy the spacing between atomic
planes in the direction perpendicular to the sample surface!,
shows a slight linear increase with the average Mn concen-
tration up to ;12.5 at. % ~deduced from the nominal Mn/
GaAs ratio!. On the other hand, the MnuAs bond length
remains practically the same in all three samples within the
experimental uncertainties ~60.02 Å! of the EXAFS method.
It is of interest to note that although the Mn/GaAs digital
alloys consist of discrete Mn-containing ~Ga, Mn!As compo-
nent separated by thicker GaAs layers, the lattice constant
when averaged over a large distance, as revealed by the XRD
data with a long x-ray coherence length about a few microns,
still increases linearly with the average Mn concentration.
This behavior could be viewed as similar to the case of some
random alloys such as Ga12xInxAs,13 but it is complicated
by the variation of Mn valency as well as the structural dif-
ference between GaAs and MnAs. In contrast to random al-
loys, the ~Ga, Mn!As layers in these digital alloys are formed
only by combining Mn atoms with GaAs at the Mn/GaAs
interfaces, this allows very high local Mn concentration in
the system that effectively defies the limitation on Mn solu-
bility in III–V random alloys. The lattice constant of these
~Ga, Mn!As layers is somewhat larger than that of the bulk
GaAs. However, probably due to the strain between GaAsloaded 23 Dec 2010 to 140.114.136.40. Redistribution subject to AIP liand ~Ga, Mn!As layers, only a small change ~;0.37%! in the
lattice constant of the digital alloys was observed when the
average Mn concentration increases from 0 to 12.5 at. %.
In conclusion, our EXAFS results have shown that at-
oms in the Mn layers actually combine with GaAs to form
~Ga, Mn!As with Mn substituting for Ga sites in the Mn/
GaAs digital alloys. The lattice constant of Mn/GaAs in-
creases linearly with average Mn concentration in the alloys,
somewhat analogous to the effects of impurity in some ran-
dom alloys. It is possible that by varying the thickness of
GaAs layers which separate the magnetic-ion-containing
~Ga, Mn!As layers, the electronic structure and magnetic
properties of the Mn/GaAs digital alloys could be manipu-
lated to suit specific material requirements in potential spin-
tronics applications.
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